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Abstract Advanced modelling studies and high-resolution
observations have shown that flows related to instability of
the mesoscale (~ 1–10 km scale) may provide both the
fertilisation mechanism for nutrient-depleted (oligotrophic)
surface waters and a subduction mechanism for the rapid
export of phytoplankton biomass to the deep ocean. Here,
a detailed multidisciplinary analysis of the data from an
example high-resolution observational campaign is present-
ed. The data provide direct observations of the transport of
phytoplankton through baroclinic instability. Furthermore,
the data confirm that this transport is constrained by the
requirement to conserve angular momentum, expressed in
a stratified water column as the conservation of potential
vorticity. This constraint is clearly seen to produce long
thin filaments of phytoplankton populations strained out
along isopycnal vorticity annuli associated with mesoscale
frontal instabilities.
Keywords Eddies . Potential vorticity . Export production .
Instability processes . Ocean fronts . Sub-mesoscale filaments
1 Introduction
The Iceland-Færœs Front (IFF) is a perpetual boundary be-
tween water masses of Atlantic origin to the south and those of
Nordic seas origin to the north (Read and Pollard 1992; Allen
et al. 1994; Hallock 1985; Meincke 1978). Using an analytical
model of a surface breaking front in a geostrophic current
(Killworth et al. 1984), Allen et al. (1994) indicated fastest
growing wavelengths of instability around 40–70 km and that
observations of meanders and eddy-like structures at the IFF
supported this. Figures in Allen et al. (2005) and later in this
paper indicate that this scale for geostrophic instability at the
IFF can also be considered characteristic of a 2001 dataset,
which is the subject of this manuscript; this is perhaps not
surprising at a permanent frontal zone, dominated by mode
waters (Read and Pollard 1992; Hallock 1985; Meincke
1978), sampled in the late spring and summer months. By
mapping potential vorticity (PV) and its components, a better
picture was obtained of instability processes at, and in large
part driving, the meandering frontal boundary (Allen and
Smeed 1996). The earlier application of the analytical model
of Killworth et al. (1984) also predicted that > 85% of the
perturbation energy exchange in the frontal instabilities would
be baroclinic; i.e. < 15% results from horizontal shear. This
implied that significant vertical velocities may be observable
at the observational scale of these datasets through a quasi-
geostrophic (QG) ‘Omega’ equation analysis (Hoskins et al.
1978), and indeed, such subsequent analyses of both datasets
(Allen and Smeed 1996; Allen et al. 2005) resulted in diag-
nosed maps of vertical velocities of several tens of metre per
day (m day−1).
More recently, high-resolution modelling studies (Levy
et al. 2001; Lapeyre and Klein 2006; Mahadavan 2015) have
indicated how three-dimensional flows (~ 1–10 km scale) as-
sociated with a heavily perturbed unstable front may provide a
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Fig. 1 The CTD stations carried out during the first leg of the FISHES
cruise (left), setting the context for the three SeaSoar surveys carried out
during the second leg (above). Bathymetry contours are 200 m, 1000 m,
2000 m, 3000 m, and so on. The relevant legs for the two contoured
sections presented in this paper are marked in red on their respective
SeaSoar survey track
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subduction mechanism for the rapid export of phytoplankton
biomass to the deep ocean in a strained-out filamentary struc-
ture. In 2001, by June, the spring phytoplankton bloom had
already happened and the euphotic upper ocean in the region
was in a post-bloom low-nutrient concentration, near oligotro-
phic state. Here, as in most of the northern North Atlantic, the
dominant phytoplankton species in the spring bloom are dia-
toms and it is often the depletion of silicate concentration
rather than nitrate that ends the bloom (Brown et al. 2003).
Nevertheless, satellite ocean colour images, and the combined
analysis of in situ physical measurements with novel biolog-
ical silica uptake experiments, indicated that a viable phyto-
plankton stock was being maintained in the frontal jet with
new nutrients supplied by vertical velocities resulting from
baroclinic instability processes (Allen et al. 2005).
Taking a lead from meteorology (Hoskins et al. 1985),
traditionally PV is mapped on potential density surfaces (an
equivalent of isentropic surfaces in meteorology) and used to
highlight the contrast in characteristics of water masses, large-
ly through differences in stratification, and by corollary, to
identify waters of similar origin (Allen and Smeed 1996).
However, mapping PV on a potential density surface within
the pycnocline at the IFF resulted in the discovery of an un-
expected filamentary pattern in the otherwise weakly variant
stratification within the pycnocline. Once spotted, this pattern
also became quickly apparent in directly observed variables.
In this paper, direct observations of the filamentary processes
drawing biological material down at the IFF will be presented.
Furthermore, it will be shown that this filamentary structure is,
to a first order, the result of the constraint on the water masses
to play their part in the conservation of angular momentum.
2 Observational analyses
During the second leg of the FISHES (Færœs, Iceland,
Scotland Hydrographic and Environmental Survey) cruise,
RRS Discovery cruise 253 (Allen and Pollard et al. 2001b)
in June 2001, three repeated high-resolution ‘radiator’-style
surveys were made of an area (approximately 90 km by
90 km) of the IFF (Fig. 1). These surveys were carried out
with the then recently re-developed SeaSoar vehicle (Allen
et al. 2002), which (Fig. 2), when towed behind a ship at 8–
10 knots, undulates over the top ~ 450 m of the water column
with a period of less than 10 min. The data from the resulting
‘saw-tooth’ pattern are averaged into the equivalent of vertical
profiles at 4-km intervals. Each survey path had six to nine
track legs; these tracks ran in an approximately southwest-
northeast and vice-versa direction during surveys 1 and 2,
whilst for survey 3 the tracks were carried out in the orthog-
onal southeast-northwest and vice-versa directions. Each sur-
vey took approximately 3 days, and a 24-h periodwas allowed
between surveys for biological sampling stations.
Amongst other instruments, the SeaSoar vehicle was fitted
with a CTG (Chelsea Technologies Group) MiniPack CTD-F
(Conductivity, Temperature, Depth, and Fluorimeter) and a
CTG Fast Repetition Rate Fluorimeter (FRRF). In addition,
RRS Discovery was fitted with two vessel-mounted acoustic
Doppler current profilers (VM-ADCP), one operating at
150 kHz and another at 75 kHz, to determine the absolute
velocity profile of the water flow over the top 500 m of the
water column (Allen and Pollard et al. 2001b).
Data from the three repeated SeaSoar surveys, both from the
SeaSoar vehicle and the VM_ADCPs, were interpolated to a
three-dimensional regular grid using a 20-km Gaussian
weighting, following Allen and Smeed (1996). For each survey,
geostrophic currents derived from the interpolated hydrography
were referenced to a horizontally non-divergent stream function
fitted to 150-KHz VM-ADCP horizontal velocity components
from awater depth of ~ 250m. The stream functions,ψ, defined
in a conventional fashion as u ¼ −∂ψ=∂y; v ¼ ∂ψ=∂x, were cal-
culated solving ∇2ψ ¼ ∂v=∂x−∂u=∂y
  ¼ ζ, the vertical compo-
nent of relative vorticity (Fig. 3), for Neumann boundary con-
ditions, ∂ψ=dn ¼ n k•u, where u = (u, v) is the horizontal VM-
ADCP velocity vector, n is the unit vector perpendicular to the
boundary, and k is the unit vertical vector (Allen and Smeed
Fig. 2 A photograph of the re-developed SeaSoar vehicle used on the
FISHES cruise
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1996; Allen et al. 2001a). At the latitude of the IFF, the local
Coriolis parameter is ~ 1.4 × 10−4 s−1, and therefore from Fig. 3,
we can see that Rossby numbers, ε ¼ U=f L≈ ζ

f , greater than 0.3
may be expected. Indeed, Allen and Smeed (1996) suggested
that a Rossby number as large as 0.8 could be defined in some
regions of the IFF. More recently, Thomas et al. (2008)
highlighted the existence of sub-mesoscale features at Rossby
numbers of order 1.
On the temporal scale of days and spatial scale of 1–
100 km, water particles move along, and with, surfaces of
constant potential density, isopycnal surfaces. The 27.75
sigma-0 (σ0) isopycnal surface lies at the centre of the
pycnocline and bottom of the halocline in the IFF region of
the northern N. Atlantic (Fig. 4). Across a frontal zone, it is in
the pycnocline where we expect the most effective isopycnal
transport to occur. It is therefore intuitive to map physical and
biological properties on the 27.75 σ0 surface if our goal is to
look at transports driven by instability (Allen et al. 2001a;
Allen et al. 2005) (Fig. 5) rather than the contrast between
large-scale water masses (Allen and Smeed 1996).
If we were to assume that phytoplankton can be considered
passive with respect to the three-dimensional fluid motions
(Fielding et al. 2001), then it is instructive to look at proxies
for the observation of phytoplankton on isopycnal surfaces
Fig. 3 Relative vertical vorticity
mapped at the VM-ADCP refer-
ence level, ~ 250 m
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(Allen et al. 2001a). Mapping fluorescence yield on the 27.75
σ0 surface (Fig. 6), we see the highest values where this den-
sity surface outcrops into the euphotic shallow mixed layer on
the north (cold) side of the convoluted frontal boundary (Fig.
7). But our analysis also shows the existence of thin tongues of
much lower fluorescence yield at depths drawn around the
Fig. 4 Contoured sections of a
potential temperature, b salinity, c
fluorescence yield (as nominal
chlorophyll concentration) and d
Brunt-Väisälä frequency for leg E
of SeaSoar survey 2 (middle track
leg, middle top map in Fig. 1).
Annotated contour lines of con-
stant density, isopycnals, are over-
plotted. The 27.70 and 27.80 σ0
isopycnals are shown in bold to
highlight the density layer
discussed in the text
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anticyclonic vortices of the frontal boundary. These filamen-
tary structures are even more apparent if we map the property
FV/FM (Moore et al. 2005) from the FRRF instrument on the
same density surface (Fig. 8). The maximum photochemical
quantum efficiency, FV/FM, can be thought of as a proxy for
phytoplankton viability, and therefore, it is somewhat inde-
pendent of their concentration in the water. If phytoplankton
cells exist and are still viable, i.e. capable of photosynthesis,
the FRRF stimulates a response. Flashing at up to 200 kHz,
the FRRF measures the instantaneous fluorescence yield until
saturation FM, to which saturation curves are fitted, and FV/FM
is determined (Kolber et al. 1998). Defined as 0.1% surface
irradiance, photic depths were typically 30–60 m in the IFF
region, and typically around twice the mixed layer depth
(Brown et al. 2003). So in Fig. 8, we see that these filaments
contain viable phytoplankton cells to depths in excess of the
photic depth and beneath the thermocline (Figs. 4 and 7).
Furthermore, we see that there is an annular nature to these
Fig. 5 Salinity mapped on the
27.75 σ0 surface
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filaments associated with the circular structures of the eddies
and instabilities.
Woods (1988) and Strass and Woods (1988) demonstrated
the importance of considering Rossby-Ertel potential vorticity
(PV) in understanding observations of marine ecology. In the
absence of dissipation and external forces, PV is conserved
(Rossby 1940; Ertel 1942), following a fluid particle, and
therefore following flow along density surfaces. PV was
calculated conventionally as PV ¼ − f þ ζg−fF
 
N2=g where
the Brunt-Väisälä frequency is given by N 2 ¼ − g=ρ ∂ρ=∂z and
F ¼ 1N2 ∂u∂z
 2
þ ∂v∂z
 2 
is the Froude number
(Pollard and Regier 1992; Allen and Smeed 1996; Allen et al.
2001a). The referenced absolute geostrophic velocities,
discussed earlier, were used to calculate the geostrophic
Fig. 6 Fluorescence yield (as
nominal chlorophyll
concentration) mapped on the
27.75 σ0 surface
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relative vorticity, ζg, component of PV, where
ζg ¼ ∂vg=∂x − ∂ug=∂y
 
. In Fig. 9, we plot PV on the 27.75 σ0
surface; again, we see a rotational pattern of alternating streaks
of lower and higher vorticity aligned with the circular struc-
ture of the unstable eddy structures of the front and coincident
with the filaments found in the fluorescence yield and FV/FM
signals discussed above. Significant confidence in the
analyses of these data is achieved by remembering that
the third SeaSoar survey was carried out with track legs
orthogonal to those in the previous two surveys; the ap-
pearance and coincidence of the filaments are clear
throughout the three surveys, indicating that the inherent
anisotropy in sampling resolution does not significantly
affect the appearance of the filaments.
Fig. 7 Mapped pressure in
decibars of the 27.75 σ0 surface
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As discussed earlier, Allen et al. (2005) presented the 12-
day evolution of the diagnosed QG vertical velocity field from
these high-resolution surveys over the Iceland Færœs Ridge
(Fig. 10). The ubiquity of the motion was clear, and the effect
on biomass distribution in a vertical section across the front
was presented and discussed. However, the discovery of
filaments on density surfaces in line with the circular structure
of eddies, and coincident with ‘rings’ of alternating lower and
higher vorticity, demands us to look at vertical sections again.
In Fig. 4, we presented contoured sections of fluorescence
yield and salinity for a section through the anti-cyclonic eddy
during the second fine-scale SeaSoar survey. There are two
Fig. 8 Maximum photochemical
quantum efficiency, FV/FM,
mapped on the 27.75 σ0 surface
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clear areas of fluorescence yield apparently subducted below
the pycnocline/halocline, one around 64.1° North and the oth-
er around 64.5° North. The contouring gives the impression
that these areas of fluorescence yield make up two tongues of
biological material drawn down or sinking out of the base of
the mixed layer in the plane of the contoured section.
However, if we look carefully at the peaks in fluorescence at
depth, particularly those around 27.75 σ0, highlighted in the
figure by the four red dashed ellipses, we can see that they are
associated with water of different salinities, from left to right,
34.90 and 34.85, and 34.90 and 34.88. Thus, the credibility of
the tongues of subducted or sinkingmaterial in the plane of the
section begins to look rather weak. In fact, these patches at
around 27.75 σ0 match up with the filaments mapped on this
density surface (Figs. 6 and 8) as discussed above; i.e. they are
individually the filaments of biological material extending in
the plane perpendicular to the section. Indeed, if we look again
at salinity on the 27.75 σ0 surface (Fig. 5), we again see the
repeated pattern of these annular filaments as described earli-
er, as a passive water tracer.
Perhaps we should not be too surprised at the existence of
filamentary structures at scales below 10 km. Although Allen
et al. (1994) indicated fastest growing wavelengths of insta-
bility around 40–70 km, they also showed that a Rossby radius
of deformation, R0 ¼ 1

f
ﬃﬃﬃﬃﬃﬃﬃﬃ
g0H
p
, could be derived as small as
~ 8 km largely due to the bathymetric locking of the front zone
to the Iceland-Færœs ridge, rising from in excess of 2000 m to
shallowest depths of ~ 400 m. McWilliams (2016) teaches us
to expect the deformation radius of baroclinic instability at
sub-mesoscales to be considerably less than these estimates
for the mesoscale.
Fig. 9 Potential vorticity in units
of 10−9 m−1 s−1 mapped on the
27.75 σ0 surface
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3 Speculative discussion
Pidcock et al. (2016) have shown how difficult it is to integrate
up from mesoscale and smaller-scale observations to a basin-
scale understanding of the significance of dynamic processes.
Our observations have shown that there is a mechanism by
which phytoplankton can be exported from the euphotic zone
along filaments associated with the quasi-balanced instability
of eddies where PV still needs to be conserved on isopycnal
surfaces. So if we consider an annular tube representing one of
these constant vorticity filaments, according to the typical
cross-sectional dimensions of the red dotted circles in Fig. 3,
this filament would have a rather oblate elliptical cross section
of around 4000 m by 40 m, i.e. a cross-sectional area of order
5 × 105 m2. With typical VM-ADCP-measured radial currents
of order 30 cm s−1 (Allen et al. 1994), and a difficult-to-
estimate but conservative (Figs. 4 and 7) vertical gradient of
order 0.002, this would imply a typical downward vertical
Fig. 10 QG vertical velocity in
units of metres per day mapped
on the 27.75 σ0 surface. Dotted
lines show the positions of the
front defined as a depth of
~ 200 m for the 27.75 σ0
isopycnal
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velocity of ~ 50 m day−1 and transport of 300 m3 s−1. This is
reasonably consistent with the 30m day−1 determined by Allen
et al. (2005) (Fig. 10) and the 60–90 m day−1 determined
during the previous cruise in 1990 (Allen and Smeed 1996).
Considering euphotic zone biomass concentrations of
~ 30 mg C m−3 (Brown et al. 2003), this would imply a
potential export along a filament of ~ 9 g C s−1, or ~ 70 t year−1
for a 3-month growth season. Now the question is how this
stacks up as a globally important figure. If we take a 2-
GT year−1 global export figure, then we would need ~ 28
million of these filaments, covering an ocean area of ~ 14
million km2. These all sound like very big numbers, but this
area is only approximately 4% of the surface area of the ocean,
and therefore, it is not unreasonable to suggest that the ubiq-
uity of eddies makes this transport mechanism a potentially
significant component of export production.
4 Conclusions
For the second leg of FISHES, RRS Discovery cruise 253,
real-time forecast modelling (Popova et al. 2002) provided
both a means for rapid assimilation of the datasets and a me-
dium in which to objectively determine optimum sampling
strategies (Rixen et al. 2003). This resulted in the three high-
resolution SeaSoar sampling surveys presented and discussed
above; the near real-time fast model survey simulations drove
a reversal in the overall survey direction in survey 2, from east
to west rather than from west to east as in survey 1, and of
particular note, they drove the orthogonality of the track legs
in the third survey and the overall direction of this survey from
north to south.
Much can be learned from knowledge of PV without
performing a full inversion (Hoskins et al. 1985; Allen et al.
1994). We have presented observations here of a filamentary
structure in the PV field, when mapped on a density surface
that crosses the frontal boundary, i.e. on which there is no
dramatic change in stratification. Furthermore, we have ob-
served that these structures in PV coincide with filaments in
the passive fluorescence yield, active FV/FM, and the salinity.
We have presented the observation of photosynthetic biolog-
ical material being advected downwards around unstable an-
ticyclonic frontal meanders, in the form of filamentary struc-
tures resulting from a requirement to conserve local angular
momentum expressed here as PV.
Wemade an early assumption that at our observation scales,
phytoplankton cells were passively advected around with the
water, i.e. along and with isopycnal surfaces. Rodriguez et al.
(2001) showed that only small upward vertical motions in the
water column (< 5 m day−1) were sufficient to support the size
range of the bulk of ocean phytoplankton cells. Moore et al.
(2005) used a combination of FRRF data and pigment analysis
to conclude that the post-bloom IFF frontal region was sup-
ported by a mixture of diatoms and flagellates. Large
Fig. 11 Contoured sections of
salinity and fluorescence yield (as
nominal chlorophyll
concentration) for leg E of
SeaSoar survey 3 (second from
bottom leg, right top map in Fig.
1). Annotated contour lines of
constant density, isopycnals, are
over-plotted. The 27.70 and 27.80
σ0 isopycnals are shown in bold
to highlight the density layer
discussed in the text
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aggregated unhealthy diatom cells may sink considerably
faster (Turner 2002), greater than 100 m day−1 perhaps,
but such processes would not line up with density sur-
faces or flow streamlines as found in our presented obser-
vations and generally throughout the three SeaSoar sur-
veys (Fig. 11).
Both the forecast modelling and the repeated SeaSoar
surveys during leg 2 of the FISHES cruise showed the
instability of the IFF to be dominated by 50–60-km anti-
cyclonic meanders from the warm side of the front. This
had a significant biological consequence; the surface wa-
ters were weakly stratified to over 100 m within the anti-
cyclonic meanders and on the southern side of the IFF in
general, holding back the spring bloom which had already
passed and was now largely exhausted on the north, cy-
clonic, side of the front. Indeed, biological production in
the convoluted surface frontal boundary was shown to be
supported by the upwelling of nutrients into the photic
layer (Allen et al. 2005) by the complimentary exchange
of water to that presented here.
In our simple speculative constructional model of the
filamentary structures, we show that it is not difficult to
consider that these processes could provide a significant
component of the global export production budget.
Omand et al. (2015) made a similar conclusion from a
modelling study motivated by glider observations of en-
hanced biological proxies at an eddy in the N. Atlantic.
Some approaches to parameterise these scales of instabil-
ity, often referred to as the sub-mesoscale, have been pub-
lished (Bachman et al. 2017; Fox-Kemper et al. 2011);
however, we propose that more targeted observation is
urgently required to test theories and explore interdisci-
plinary impacts. Further glider instrumentation will rapid-
ly increase the rate of observation of these processes
(Ruiz et al. 2009; Omand et al. 2015) and our ability to
understand their global importance. Furthermore, the
dataset presented here is not recent, dating to 2001; we
would encourage other groups to take another look at any
historical high-resolution datasets they may have and test
the ubiquity of our observations.
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